In order to insure the large controllable pitch propeller's reliability in its whole life cycle, it should be exhaustively tested. Water test is important and necessary, but due to its difficulty and high costs, ground tests are more widely used. This article focuses on dynamical loads simulation of large controllable pitch propellers, which is the key problem of ground tests. A centrifugal loading device was designed by the principle of couple to simulate the loads of bending moment and blade spindle torque to pitch control mechanism, and it was confirmed by finite element analysis. Finally, the dynamic loading test system was proposed for large controllable pitch propellers onshore tests. The results of stability pitch test and controllable pitch test show that the simulation is effective and accurate.
Introduction
Controllable pitch propellers (CPPs) can change the propeller thrust force and direction by adjusting the blade pitch so that the ship's speed can be changed or realize the function of ahead running or astern running without changing the engine's rotational direction or rotational speed. So CPPs play an important role in improving the ship's maneuverability and economy. In recent years, CPPs have increasingly been installed in many vessels, especially in large vessels, such as tankers, naval vessels, and so on. 1 The advent of large CPPs brought on structural problems with the blade attachment bolts and hub components. 2 This led to test programs to test and evaluate its performance and reliability. 2 In the past, there have been a few publications about CPPs' experiments in water. In 1978, Boswell et al. tested spindle torque and open-water performance of two skewed CPPs. Tests by S Jessup et al. determined the blade loads under cavitation conditions. 3, 4 And in 2013, I
Funeno et al. 1 measured and computed the blade spindle torque of CPPs in open water. Water test is important and necessary, but due to its difficulty and high costs, ground tests are more widely used.
In ground tests, blades are replaced by centrifugal loading devices. When rotating, the centrifugal moment and the centrifugal torque of the centrifugal loading devices are used to simulate hydrodynamic moment, hydrodynamic torque, and centrifugal torque of the blades so that the mechanical parts, hydraulic system, and control system can be tested. Compared to water tests, the controllability of land test is better, and the test funds, the cycle, and the difficulty are far less than the water test.
In this article, the method of dynamical loads simulation for large CPPs ground test is studied and a new centrifugal loading device and a test bench system are proposed to create favorable conditions for further study of better performance CPP devices.
Principle of dynamic load method
The key to the ground test bench is how to design the loading device to simulate the loads in water. In this article, a new centrifugal loading device was designed by the principle of couple to replace blades, as shown in Figure 1 .
Blade hydrodynamic analysis
Before designing the centrifugal loading device, we first analyze the force when the propeller blades rotate in the water. Figure 2 shows the loads of the propeller in the water. The ox axis is the propeller spindle, the oz axis is the blade shaft, and the oy axis is perpendicular to the ox and oz axes. When the propeller rotates, thrust P, rotational resistance T, and centrifugal force C are generated on the blade. The symmetry axis of the entire blade and the axis oz have an inclination u in the longitudinal direction, so thrust P, rotation resistance T, and centrifugal force C generate torque on the oz axis. The resultant torque generated by the thrust P and the rotational resistance T relative to the oz axis is called hydrodynamic torque M h . The moment generated by the centrifugal force C relative to the oz axis is called the centrifugal torque M c . In addition, thrust P and rotational resistance T generate bending moments M P and M T to the root flange surface. And tne bending moment generated by centrifugal force C is very small, which can be ignored. These bending moments are mainly supported by the blade root fastener structure. 5 In summary, the external loads of the blade when it rotates in water can be divided into two categories:
1. Torque relative to the rotor shaft, including hydrodynamic torque and centrifugal torque; 2. Hydrodynamic moment to fasteners of blade root.
When the pitch is sable, the CPP can be regarded as a fixed pitch propeller, and the hydrodynamic calculation method can be used. Propeller thrust P is calculated as follows [6] [7] [8] 
where z is the number of blades, R is the propeller radius, r is the hub radius, n is the speed of the propeller, D is the diameter of the propeller, and k 1 is the thrust coefficient. Calculation formula of propeller rotational resistance is as follows 8, 9 
where k 2 is the rotation resistance coefficient. When the propeller is running, the distribution of the thrust P and the rotation resistance T on the blade are irregular. For the simplified calculation, assuming that the propeller thrust is linearly distributed along the blade radius, the formula for calculating the thrust moment at the flange surface of blade root is as follows where x h is the ratio of the radius of the blade to the radius of the propeller. The calculation method of hydrodynamic torque uses the empirical formula based on model test
where C mh is the hydrodynamic torque coefficient, and r is the density of the fluid; the value of C mh depends on the pitch ratio H=D, speed factor V P , and the geometry of the blade, which can be obtained by experiment.
The centrifugal torque M c can be calculated with reference to Figure 3 . The centrifugal force of a microvolume dydzdr at blade radius r is as follows
where v is the angular velocity of the propeller. The centrifugal torque of the micro-volume is as follows
The centrifugal torque of the entire blade is as follows
According to the basic parameters of the CPP device, the centrifugal force, hydrodynamic torque, centrifugal torque, and hydrodynamic moment can be obtained from the above calculations. In this article, the propeller parameters are shown in Table 1 at the maximum speed n = 170 r=min and zero pitch.
According to the propeller parameters of Table 1 and the formulas 1 to 6, the external load of a single blade can be calculated as shown in Table 2 .
Force analysis of centrifugal loading device
Centrifugal loading device with double-arm structure can properly simulate the load of the real propeller. The structure and force analysis is shown in Figure 4 , where O is the coordinate center, the x-axis is the hub rotation axis, the z-axis is the rotation axis of the centrifugal loading device, and the y-axis is perpendicular to the x and z axes.
The double-arm centrifugal loading device consists of the long arm (AO 1 ), the short arm (BO 1 ), main column (OO 1 ), and the blade root flange. The angle between the projection of the long arm in the xy plane and the x-axis of the centrifugal loading device is a. When the pitch is zero, a is the installation angle of the centrifugal loading device a 0 . When the blade is rotated to the position where the pitch angle is b, the angle a = a 0 + b. Centrifugal moment and centrifugal torque are generated by the centrifugal loading device during rotation. The centrifugal moment is used to simulate the hydrodynamic moment of the blade, and the centrifugal torque is used to simulate the hydrodynamic torque and centrifugal torque so that the load on the hub is the same as that of running in water. Centrifugal force, centrifugal moment, and centrifugal torque generated by centrifugal loading device are calculated as follows:
Centrifugal force
where F A is the centrifugal force generated by the long arm A, F B is the centrifugal force generated by the short arm B, and F L is the centrifugal force generated by the main column O.
Centrifugal torque
where M An is the centrifugal torque generated by the long arm A, and M Bw is the centrifugal torque generated by the short arm B.
Centrifugal moment
where M Aw is the centrifugal moment generated by the long arm A, and M Bw is the centrifugal moment generated by the short arm B.
The centrifugal force dF A of infinitesimal element dm is as follows
where f is the cross-sectional area of the infinitesimal element dm, r is the density of the loading device, and g is the acceleration of gravity. The centrifugal torque of the infinitesimal element dm is as follows
A dR The centrifugal force of the R 1 to R 2 section is obtained by integrating the above equation
where a is the angle between the long arm and the hub axis, and R is the integral radius. The centrifugal moment of the infinitesimal element is composed of three parts: the moment of the dF AZ to x-axis, the moment of the dF AZ to the y-axis, and the moment of the dF AY to the x#-axis:
Integrate the above formula
where L is the height of the main column OO1.
2. Moment of the dF AZ to y-axis
Moment of the dF AY to x#-axis Integrate the above formula
Therefore, the moments on the x and y axis are
The resultant moment can be expressed as follows
where a is the distance from the flange plane to the center of rotation of the hub.
Parameter calculation of the loading device
The various centrifugal loads generated by the centrifugal loading device correspond to the various external loads of the blades. In order to achieve the exact effect of simulation, the corresponding load in the value should be as close as possible, so the following equations can be obtained
Substituting equations (10)-(12) into the above formula
where f Ai is the cross-sectional area of segment i of the long arm; R Ai1 , R Ai2 are the start length and end length of segment i of the long arm; f Bj is the cross-sectional area of segment i of the short arm; and R Bj1 , R Bj2 are the start length and end length of segment i of the short arm. The distance from the flange plane to the center of rotation is the hub radius, so a = 0:875 m; the blade load is calculated at a maximum speed of 170 r/min, so v = 17:8 rad/s; and the density of the dynamic loading device r = 8:9 3 10 3 kg/m3.
According to equation (14) and Table 2 data, measurements of centrifugal loading device can be calculated as shown in Table 3 .
The structure and dimensions of the centrifugal loading device are shown in Figure 5 . It contains a threaded shaft, a connecting sleeve, and a nut. The length of the long arm and short arm centrifugal loading device length can be changed by rotating the screw shaft, and the nut can fix the screw shaft.
Finite element analysis of centrifugal loading device
In order to save system resources and improve computational efficiency, only 1/5 of the hub and the centrifugal loading device are used in the finite element analysis (FEA) of the hub and the centrifugal loading device. Figure 6 shows a 1/5 model consisting of 13 parts including the threaded shaft, connecting sleeve, nut, and 1/5 hub shell, crank and eight blade root bolts. The blade root flange of the centrifugal loading device is supported in the bearing housing of the hub shell and is connected to the crank by blade root bolts. The assembly model is calculated by ANSYS Workbench. Since only a 1/5 hub is established for FEA, the model should be set to a cyclic symmetry structure, which is defined by cyclic region. Then the model is divided into meshes and the contact boundaries, loads, and constraints are set. The friction coefficient of hub bearing contact pairs is set to 0.1, the friction coefficient of crank contact pairs is set to 0.18, and the friction coefficient of blade root bolts contact pairs is set to 0.18. The blade root bolts' preload is set to 250 kN. And set the model's rotation speed to 17.8 rad/s. Figure 7 shows the stress and strain of the blade root flange, the maximum stress is 163.36 MPa, and the maximum strain is 1.62 mm/m. The maximum stress and strain of the root flange appear at the edge of the screw hole, followed by the position of the blade root, which is basically the same as the stress distribution of the blade root flange when the actual blade rotates in water. Figure 8 shows the stress and strain of the hub shell, the maximum stress is 91.5 MPa, the maximum strain is 0.83 mm/m. The figure indicates that the main force acting on the hub is the centrifugal moment generated by the centrifugal loading device.
Blade root flange FEA results

Hub shell FEA results
Blade root bolts FEA results Figure 9 shows the stress and strain of the blade root bolts. The stress and strain of the bolt rod is about 140-180 MPa and 0.3-0.4 mm/m, the maximum stress is 259.54 MPa locating at the arc transition area between rod and head.
Experimental verification
Introduction of the test system Figure 10 shows the ground loading test system of large CPP devices. The system includes the drive system, the centrifugal loading device, the measurement and control system, and the attachment equipment. The drive system simulates double drive system on the real ship including drive motors, a gearbox, and bearings. The centrifugal loading device is used to simulate the load on the hub when the blades are rotating in water.
The propeller has five blades, and each blade is replaced by a loading device. Therefore, five loading devices are required on the hub. Each loading device is mounted on the blade root of the hub bearing. Measurement and control system includes electronic control system and data acquisition system. The date acquisition system contains strain telemetry system which can test the strain of the rotating object.
When the blade rotates, the blade flange will be subjected to great torsional and bending stresses, and the blade bolts will have greater tensile stresses. Therefore, these key positions are required to be measured during the loading process.
So the test objects are selected as eight bolts at the blade root flange and seven points at the hub. The outer surface of each bolt bar is attached with four strain gauges and a total of 32 measuring points shown in Figure 11 . And each point of the hub uses three-element rectangular rosette shown in Figure 12 . 
Stable pitch running test
The test was conducted under different spindle speed and zero pitch. The speed curve of the CPP is shown in Figure 13 . Figure 14 shows that the strain value of the root bolt increases rapidly before 1000s, and after 1000s, the strain values of the blade bolt are basically unchanged.
Due to the combined action of centrifugal moment and centrifugal torque, stress at the hub is complex as shown in Figure 15 . The strain changes in the three directions are not the same. The strain values in two directions decrease with the increase in the rotation speed, and the strain increases in the other direction with the increase in the rotation speed.
When the spindle speed is 170 r/min, the strain of the root bolt is about 350 mm/m, and the equivalent strain of the hub is about 250 mm/m, which are close to the finite element simulation result.
Controllable pith running test
The CPP's pitch angle is 6 25°. In the initial state of zero pitch, the angle between the loading device screw axis and hub axis is 60°, the angle of full ahead is 35°, and the angle of full astern is 85°. The test condition is at different spindle speed and continuous changing the pitch. Intercept the test data under a spindle speed of 55 r/min. The spindle speed and pitch angle curve of the CPP are shown in Figure 16 .
At the spindle speed of 55 r/min, the test points strain data with the changing pitch angle as shown in Figures 17 and 18 .
From the figures, there is a slow increasing mean value of the strain measurements. This is because the temperature of the hydraulic oil rises during continuous work, causing the temperature of the tested point to rise. Excluding this impact, the root bolt's strain remains stable during pitch changing, but the strain at the hub changes suddenly, and the change trend at each angle is different. In addition, the variation range of the strain at the hub is related to the direction of the pitch changing. When the CPPs change from ahead to astern, the strain changes quickly, but when the CPPs change from astern to ahead, the strain changes slowly.
Conclusion
In this article, a ground test system for large CPPs has been introduced, and it has been successfully developed and put into use. The simulation of dynamical loads which is the key technology of the test system is studied. The calculation method of the hydrodynamic moment, hydrodynamic torque, centrifugal torque of the propeller, and the centrifugal force moment, centrifugal force torque generated by the centrifugal loading device during rotation is given.
The centrifugal loading device is designed according to the loads simulation requirements. The results of the FEA and experiments show that the dynamic loads simulation is accurate and the test system is useful to evaluate CPPs on land. 
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